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摘要 
 
近年来，多孔聚合物膜材料在水处理、气体分离、能源和医药生物等领域得
到了广泛的应用。在多种制备聚合物多孔膜的方法中，蒸气诱导相分离法(VIPS)
因其工艺简便以及良好的可控性而被应用于制备具有特定结构的聚合物多孔膜
材料。本文使用苯乙烯-丁二烯-苯乙烯四臂星型嵌段共聚物[(SB)4]作为原料，并
通过蒸气诱导相分离法和喷涂法结合的方式制备出超疏水涂层膜和油水分离膜
材料。同时将聚醚砜(PES)溶液暴露在水蒸气气氛下来制备蜂窝状多孔膜材料。
此外本文探讨了聚合物溶液的组成、非溶剂气氛的选择、非溶剂气氛暴露时间等
因素对所制得的多孔膜材料形貌和结构的影响，并研究了所得材料在涂层和分离
膜领域的应用。具体的研究工作如下: 
 
喷涂法结合蒸气诱导相分离法制备超疏水、透气涂层膜材料研究 
将蒸气诱导相分离法和喷涂法相结合一步制备透气的超疏水涂层薄膜。将苯
乙烯-丁二烯-苯乙烯四壁星型嵌段共聚物[(SB)4]溶解在四氢呋喃中，在乙醇蒸气
气氛下进行喷涂，喷涂出的较小液滴加速了溶剂的挥发和气氛中沉淀剂乙醇的冷
凝，导致了聚合物溶液快速地相分离和固化。在溶剂挥发完全后，得到具有微米
-纳米结节状粗糙表面形貌的多孔薄膜。通过接触角测量仪测试薄膜的疏水性，
发现水滴在该薄膜表面的接触角为 152.0±1.0°，表现出超疏水性。此外通过向喷
涂液中加入疏水二氧化硅纳米粒子，来进一步提升薄膜的超疏水性能，同时通过
对涂层薄膜进行后续热处理来有效提升其力学性能。我们还对涂层薄膜的透气性
能进行了研究，实验结果表明，该涂层薄膜在具有超疏水性能的同时还具有优异
的透气性能，有望应用于防水透气织物领域。 
 
喷涂法结合蒸气诱导相分离法制备超疏水涂层膜材料的油水分离应用研究 
将苯乙烯-丁二烯-苯乙烯四臂星型嵌段共聚物[(SB)4]和聚二甲基硅氧烷
(PDMS)共同溶解在四氢呋喃中，并将混合溶液在乙醇蒸气气氛中喷涂到不锈钢
筛网上。待溶剂挥发后于 60℃进行热处理，使涂层中的 PDMS 完全固化交联。
由此，喷涂法结合蒸气诱导相分离法可获得具有粗糙表面的涂层材料，同时
厦
门
大
学
博
硕
士
论
文
摘
要
库
II 
PDMS 的加入提高了薄膜的疏水性以及耐溶剂性。当涂层中的(SB)4/PDMS 质量
比上升到 30:10 时，表面接触角从 151.6±0.6°上升到 157.0±1.1°，随着 PDMS 含
量的进一步增加，涂层薄膜的耐溶剂性得到提升，溶胀率从最初的 371%下降到
146%。油水分离实验结果显示，即使在经过 20 个油水分离循环后，复合涂层薄
膜仍能保持油水分离效率大于 99%，表现出了良好的应用前景。 
 
蒸气诱导相分离前处理法制备聚醚砜多孔膜材料 
    将聚醚砜(PES)和亲水性添加剂聚乙烯吡咯烷酮(PVP)、聚乙二醇(PEG)溶解
在 N-甲基-2-吡咯烷酮(NMP)中，在玻璃基板上流延并暴露在水蒸气气氛下一定
时间，再将其置于凝固浴水中，由此通过蒸气诱导相分离前处理法结合浸没沉淀
法的两步法制备出具有蜂窝状孔洞结构的多孔膜。采用扫描电镜(SEM)对薄膜表
面和截面进行观察，结果显示：亲水性添加剂 PVP 和 PEG 的加入改变了薄膜孔
洞的尺寸并提升了孔洞的连通性。通过接触角测试仪测定薄膜的浸润性，发现亲
水性添加剂的加入提高了薄膜表面的亲水性。同时 PVP 和 PEG 的加入分别使
PES 薄膜的纯水通量从 2.0 L/(m2∙h)提高到 69.3 L/(m2∙h)和 50.2 L/(m2∙h)。 
 
关键词：蒸气诱导相分离法；喷涂法；聚合物多孔涂层膜；超疏水；分离膜 
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Abstract 
 
In recent years, porous polymer membrane materials have been widely applied in 
many fields, such as water treatment, gas separation, energy, medicine and biology. 
Among the many methods for preparing porous polymer membranes, vapor induced 
phase separation (VIPS) has been used in the preparation of porous polymer membrane 
materials with specific structures based on its simplicity and good controllability. In 
this work, using star-shaped triblock copolymer of poly(styrene-block-butadiene-block-
styrene) as the raw material, we prepared superhydrophobic coating films and oil/water 
separation coating films by combining spraying technique and the VIPS process. 
Moreover, solution of polyethersulfone (PES) was exposed to water vapor atmosphere 
to prepare cellular-like porous membrane material by vapor induced phase separation. 
Meanwhile, the factors influencing membrane morphology and structure such as the 
composition of polymer solution, the selection of non-solvent atmosphere, vapor 
exposure time and so on have been studied and discussed. The applications of the 
prepared materials have been tested in this work. The specific researches are as follows: 
    Preparation and characterization of superhydrophobic and breathable 
coating films by vapor induced phase separation and spray-coating method 
    In this work, superhydrophobic and breathable coating films were prepared in one 
step by combining spraying technique and non-solvent vapor induced phase separation. 
Star-shaped triblock copolymer of poly(styrene-block-butadiene-block-styrene) was 
dissolved in tetrahydrofuran and then sprayed in an ethanol atmosphere. The sprayed 
tiny droplets of the polymer solution facilitated the solvent evaporation and the non-
solvent condensation, resulting in their fast phase separation and solidification. After 
complete evaporation of the solvent, a porous and superhydrophobic coating film was 
thus obtained, with a nanometer to micrometer inter-connected nodular morphology. 
Water contact angle (CA) was measured with a water droplet of 5μL. Water contact 
angle of the pure (SB)4 coating film was 152.0±1.0°, which could be defined as 
superhydrophobic surface. In addition, inorganic nanoparticles of SiO2 were added to 
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the spray solution to further enhance the superhydrophobicity of the coating films, and 
the mechanical properties of the coating films could be improved by thermal treatment. 
The water-vapor permeability of the coating films was also studied. The experimental 
result showed that the coating had superhydrophobicity and excellent water-vapor 
permeability. Therefore, such coating films would have the great potential for practical 
applications such as preparing waterproof but breathable textile. 
    Preparation and characterization of superhydrophobic coating films by 
vapor induced phase separation and spray-coating method and their application 
of oil/water separation 
    Star-shaped triblock copolymer of poly(styrene-block-butadiene-block-styrene) 
and polydimethylsiloxane (PDMS) were dissolved in tetrahydrofuran and then sprayed 
onto stainless meshes in an ethanol atmosphere. After complete evaporation of the 
solvent, the coating films were treated at 60 ºC in an electrical oven for 12h in order to 
make the PDMS in the coating films completely cross-linked. As a result, the coating 
film with rough surface could be obtained by non-solvent vapor induced phase 
separation combined with spray-coating technique. The addition of PDMS could 
improve the superhydrophobicity and solvent resistance of the coating film. When the 
(SB)4/PDMS mass ratio of up to 30:10, the surface contact angle from 151.6±0.6° up 
to 157±1.1 °, with a further increase of PDMS content, the solvent resistance of coating 
films increased, the swelling rate decreased from 371% to 146%. The result of oil/water 
separation experiment showed that, even after 20 cycles of oil/water separation, the 
coating films could keep the separation efficiency more than 99% which showed a good 
application prospect. 
    Preparation and characterization of Polyethersulfone porous membrane by 
vapor induced phase separation pretreatment 
    Polyethersulfone (PES) and hydrophilic additive polyvinylpyrrolidone (PVP) and 
poly(ethylene glycol) (PEG) were dissolved in N-methyl-2-pyrrolidone (NMP). The 
polymer solution was casted on a glass substrate and exposed in a water-vapor 
atmosphere, and then placed in precipitation bath of water. The porous membrane with 
cellular-like pore structure was prepared with two-step method of vapor induced phase 
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separation pretreatment and immersion precipitation method. The SEM images of the 
resultant membranes exhibited that the addition of hydrophilic additives such as PVP 
and PEG changed the pore size of the membranes and improved the connectivity of the 
pores. The wettability of the membranes was measured by the contact angle instrument. 
It was found that the hydrophilicity of the membranes was enhanced by the addition of 
hydrophilic additives. Moreover, the pure water flux of the membranes increased from 
2.0 L/(m2∙h) to 69.3 L/(m2∙h) and 50.2 L/(m2∙h) by the addition of PVP and PEG. 
 
Keywords: Vapor-induced phase separation; Spray-coating method; Porous polymer 
coating film; Superhydrophobicity; Separation membrane 
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第一章 绪论 
1 
第一章 绪论 
 
 1.1 引言 
人类认识膜现象已有 200多年的历史，膜科学的发展极大地推动了能源、医
学、生物、化学等学科的发展，同时为人类的生产生活带来了重要的变化[1-5]。膜
材料可分为生物膜和合成膜，多孔膜和无孔膜，其中合成膜可进一步分为聚合物
膜和无机膜。聚合物多孔膜因其独特的结构和性能以及在水处理、气体分离、电
池隔膜、生物组织工程和医药等领域的应用而受到人们的广泛关注[6-15]。制备聚
合物多孔膜的方法通常有相转化法、烧结法、溶胶-凝胶法等，其中蒸气诱导相
分离法能够制备具有特定结构的聚合物多孔膜并能通过改变条件来进行形貌结
构和性能的调控。本文以苯乙烯-丁二烯-苯乙烯四臂星型嵌段共聚物和聚醚砜为
原料，通过蒸气诱导相分离法制备出多孔超疏水涂层薄膜、油水分离膜及具有蜂
窝状孔洞结构的分离膜材料，并研究其形成机理和影响因素，同时对结构和性能
进行了深入的研究，以期建立这类材料的新型制备方法。 
 
1.2 聚合物多孔膜 
人工合成的膜材料从原材料上可分为聚合物膜和无机膜。多孔膜的选择性主
要取决于孔洞的孔径大小，例如用于微滤的多孔膜的孔径在 0.1~10 μm，对于超
滤，薄膜孔径在 2~100 nm。除此之外，膜材料的选择还应考虑膜在应用和清洗
的过程中的通量、选择性、杂质吸附、微生物污染、热稳定性和化学稳定性等。
在制备多孔膜的过程中，最主要的材料为聚合物或大分子。选择何种聚合物作为
膜材料需要根据该聚合物特定的结构和性质。例如制备应用于微滤和超滤的多孔
膜时，选择膜材料时主要考虑薄膜的抗污能力以及化学稳定性和热稳定性。通过
选择不同性质的聚合物制备出的多孔膜材料被广泛应用于水处理、气体分离和膜
生物反应器等领域。 
纤维素类聚合物 
纤维素作为天然高分子是一种制备聚合物多孔膜的常用材料。由于其具有规
则的线性链结构，因此具有较高的结晶度。此外，纤维素的羟基之间能够形成分
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子间氢键作用，使其具有较高的亲水性的同时能够不被水溶解。因此纤维素的多
孔膜作为分离膜被广泛应用于水处理领域，主要制备成透析膜材料，而其衍生物
诸如硝酸纤维素和醋酸纤维素则多应用于微滤和超滤领域[16,17]。Ou 等通过向醋
酸纤维素膜中加入磺酸化聚苯醚，使薄膜孔径从 31.9 nm 增加到 33.2 nm。此外，
强电荷聚合物的加入降低了铸膜液的热力学稳定性，促进了相分离过程并导致了
多孔结构，有效地提高了超滤膜的亲水性和通量[18]。Zhou 等通过向醋酸纤维素
超滤膜中加入微晶纤维素来提高薄膜的亲水性、通量、抗污性和力学性能，当加
入的微晶纤维素的量达到 0.5 wt%时，复合薄膜的纯水通量提高到 76 L/(m2∙h)，
同时断裂伸长率提高 47%[19]。Wei 等通过表面引发原子转移自由基聚合法将聚乙
烯基苯磺酸钠[poly(NASS)]接枝到再生纤维素多孔膜上得到具有蛋白吸附能力
的多孔膜[20]。虽然纤维素类聚合物膜具有优异的分离性能，但其耐热性差并且易
被生物降解，此外在碱性环境中，纤维素膜易发生水解，这也在一定程度上限制
了其应用。 
聚砜和聚醚砜类聚合物 
聚砜类材料(见图 1.1)具有耐氧化性、耐水解性、热稳定性和优秀的力学性
能，因此通常被用于制作膜分离材料以及复合膜的支撑层。通常使用相转化法来
制备这类聚砜多孔膜，并且膜通常呈现出非对称结构。通过改变铸膜液的组成以
及控制温度、沉淀浴等条件来调控薄膜的最终结构和性能[21]。但是由于聚砜类聚
合物多为疏水聚合物，在作为分离膜进行使用的过程中容易受到污染而使性能下
降，因此对聚砜类多孔膜进行亲水性改性对变得尤为重要。Ganesh 等向聚砜(PSF)
溶液中加入氧化石墨烯并通过相转化法来制备复合薄膜，氧化石墨烯的加入在改
善了薄膜亲水性的同时提高了薄膜的纯水通量和对盐溶液的截留性能[22]。Yu 等
用浸没沉淀相转化法来制备 PSF 多孔膜，并向其中加入接枝上甲基丙烯酸-2-羟
基乙酯的二氧化钛(TiO2-g-HEMA)并来增强薄膜的亲水性和抗污性能[23]。Kaltalı
等通过加入具有聚环氧乙烷(PEO)嵌段的亲水性添加剂来提升聚醚砜(PES)中空
纤维超滤膜的纯水通量和抗污能力，并证明薄膜在水中保存 60 天后，添加剂仍
能保留在薄膜内而不被洗脱[24]。Li 等在通过非溶剂诱导相分离法制备 PES 超滤
膜时将二氧化钛自组装在薄膜的孔洞处来提高膜的抗污性能[25]。Zhao 等在氯甲
基化聚砜(CMPSF)微孔膜上通过表面引发原子转移自由基聚合法接枝上聚乙烯
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